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Abstract—The influence of autoclaved fungal materials such as culture

filtrate, freeze-dried mycelium (FDM), mycelium suspension, and spore

suspension (SS) on the growth, morphogenesis, and carvone production of

spearmint (Mentha spicata L.) plants was studied. Fungal materials were

either applied as a drench or spray on the plants. Spearmint plants (cv.

B294099^) drenched with SS (1 � 108 spores/ml) of Trichoderma reesei

showed no significant differences in leaf numbers, root numbers, or shoot

numbers compared with nontreated controls. However, significantly higher

fresh weights and carvone levels were observed in plants drenched with T.

reesei SS compared with the untreated controls. Fungal materials derived

from Aspergillus sp., Fusarium graminearum, F. sporotrichoides, Penicillium

sp., P. acculeatum, Rhizopus oryzae, and T. reesei were sprayed on spearmint

foliage. F. graminearum, F. sporotrichoides, or R. oryzae elicited no

enhanced growth, morphogenesis, or secondary metabolism responses. The

best growth and morphogenesis responses were obtained employing Asper-

gillus sp., Penicillium sp., or T. reesei foliar sprays. For example, spearmint

cv. B557807^ plants sprayed with 100 mg/l FDM T. reesei isolate NRRL
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11460 C30 stimulated higher fresh weights (75%), shoot numbers (39%), leaf

numbers (57%), and root numbers (108%) compared with untreated plants.

This effect was not dose-dependent because similar growth and morphogen-

esis responses were obtained by testing 10, 100, or 1000 mg/l FDM

concentrations. Carvone levels in fungal-treated foliar-sprayed plants were

comparable to nontreated controls. However, total carvone levels per plant

were higher in fungal-treated plants because of their increased fresh weight.

Key WordsVAspergillus, carvone, freeze-dried mycelium, Fusarium, my-

celium, Penicillium, secondary metabolites, Rhizopus, spearmint, spores,

Trichoderma.

INTRODUCTION

Some biocontrol microorganisms aside from combating pathogens may also

cause plants to exhibit enhanced growth (Chang et al., 1986; Ryu et al., 1999,

unpublished data; Raj et al., 2003). Microorganism preparations enhancing plant

growth may be rhizobacteria (Ryu et al., 1999; Zehnder et al., 2000; Raj et al.,

2003) or fungus (Elad, 2000). In these reports, biological preparations were

composed of living microorganisms. In contrast, little research has been

conducted studying the effects of dead microorganism fractions on growth

(i.e., dry or fresh weights) and morphogenesis (i.e., leaf, root, and shoot

numbers and sizes) responses in plants. Elad (2000) reported the effective

biocontrol of powdery mildew on cucumber (Cucumis sativus L.) by application

of foliar sprays containing either live or dead Trichoderma harzianum T39 cells.

In addition, a slight increase in the leaf number occurred in sprayed plants

employing either living or dead cells of T39 compared with untreated controls.

This study suggested that dead fungal material may elicit both defense and

growth and morphogenesis enhancement responses. Effective application of

nonliving microorganism fractions to stimulate growth and/or combat pathogens

would be of great benefit to the nursery and field grower. The drawbacks of

using living microorganisms include their opportunistic human pathogenic

nature (e.g., aspergillosis) and the permanent introduction of undesirable foreign

fungal populations into soil (Anderson et al., 2002; Barkhage and Bernhard,

2002). These problems would be avoided by employing inert dead fungal

materials.

In this study, we sought to determine the influence of applying dead fungal

fractions on the growth, morphogenesis, and secondary metabolism responses in

spearmint (Mentha spicata L.) plants. Secondary metabolites are constitutive

chemicals that may represent a first-line defense to pathogen attack (Kuc, 1997).

Treatments that stimulate secondary metabolite production could be useful to

combat pathogens. The objectives of this study were to evaluate: (1) the effect

of drenching the rhizosphere with spore suspensions (rhizosphere stimulation);
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(2) the effect of applying suspensions of autoclaved mycelium suspension (MS),

freeze-dried mycelium (FDM), spore suspensions (SS), or culture filtrate (CF)

as foliar sprays (phylosphere stimulation); and (3) the effect of the concentra-

tion of FDM foliar sprays (dosageYresponse stimulation).

Spearmint was employed because it can be easily grown in the greenhouse

as uniform-sized rooted shoots that readily manifest growth, morphogenesis,

and secondary metabolism responses to various chemical and environmental

treatments. The dominant essential oil component in spearmint oil is (j)-

carvone, which constitutes >90% of the essential oil composition (Figure 1).

Spearmint is commercially grown for its oils, which are employed as fragrance

components in toothpastes, mouthwashes, soaps, detergents, lotions, insecti-

cides, and perfumes (Leung, 1980).

METHODS AND MATERIALS

Fungal Cultures and Medium. For the production of SS, fungi isolates

(Aspergillus sp. NRRL 32534 and Trichoderma reesei NRRL 11460 C30) were

FIG. 1. Typical GC-MS profile of a spearmint plant showing the dominant monoterpene

(Y)-carvone in relationship to other monoterpenes present.
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grown on potato dextrose agar (PDA) medium at room temperature under

fluorescent lighting (12 hr light/12 hr dark) for 7 d. For production of mycelium,

fungi isolates (Aspergillus sp. NRRL 32534 and NRRL 363, Fusarium

graminearum NRRL 23639, F. sporotrichoides NRRL 3299, Penicillium sp.

NRRL 32532 and P. acculeatum NRRL 2129, Rhizopus oryzae NRRL 395, and

T. reesei NRRL 11460 C30 and NRRL 3652) were grown in liquid potato

dextrose broth (PDB) in Fernbach flasks inoculated with fungal cultures

maintained on PDA and then placed on a shaker at 250 rpm and incubated at

25-C in the dark. MS were harvested after 72 hr by pouring the mycelium and

medium through four layers of sterile cheesecloth followed by squeezing the

cheesecloth to extract excess medium and then frozen at j20-C. FDM was

prepared by freeze drying MS and then grinding first with mortar and pestle

and then with a coffee grinder to produce a fine powder. CFs were collected

from liquid PDB and kept in a sterile glass bottle at 0-C until use. All fungal

sprays contained 0.025% Tween-80 as a surfactant and were autoclaved at 20

psi at 120-C for 15 min and allowed to cool to room temperature prior to

application.

Plant Material. Spearmint stock plants cvs. B294099^ and B557808^ were

maintained via shoot cuttings in soil under greenhouse conditions prior to

testing with fungal treatments. For experiments, 4-cm tall plants established in

Cone-tainersi (RLC-4 Pine Cell, Stuewe and Sons Inc., Corvallis, OR, USA)

containing 10 g of soil were employed. The soil mixture consisted of 1 peat

moss/1 vermiculite (v/v) amended with 10.9 g/kg Micromax (Scotts Co.,

Marysville, OH, USA) and 62.3 g/kg Osmocote 14Y14Y14 (Scotts Co. USA).

Plants were grown in a greenhouse at 20 T 2-C under natural daylight.

Rhizosphere Stimulation. Spearmint (cv. B294099^) plants were given the

following drenching treatments (2 ml/cone): water only, 0.1% Tween-80,

Aspergillus sp. NRRL 32534 SS (1 � 108 spores/ml), T. reesei NRRL 11460

C30 SS (1 � 108 spores/ml), 0.5% DMSO, or 1% DMSO. Treatments were

administered once a week for two consecutive weeks. Following treatments,

plants were grown on greenhouse benches for an additional 4 wk.

Phylosphere Stimulation. The following fungal species and isolates were

employed in foliar spray testing: Aspergillus sp. NRRL 32534, F. graminearum

NRRL Z3639, F. sporotrichoides NRRL 3299, Penicillium sp. NRRL 32532

and NRRL 32533 and P. acculeatum NRRL 2129, R. oryzae NRRL 395, or T.

reesei NRRL 11460 C30. Spearmint (cvs. B294099^ or B557808^) plants were

given the following fungal foliar sprays: water only, 0.025% Tween-80, 10%

PDB, 10% CF, 100 mg/l FDM, 100 mg/l MS, or SS (1 � 108 spores/ml). Plants

were sprayed until runoff twice with a 1-wk interval between sprays and then

grown on the greenhouse benches for an additional 4 wk.

Dose Response Effect of FDM. FDM suspension from Aspergillus sp.

NRRL 32534 or NRRL 363, T. reesei NRRL 11460 C30 or NRRL 3652, or
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Penicillium sp. NRRL 32532 or NRRL 32533 or P. acculeatum NRRL 2129

were sprayed on spearmint plants at 10-, 100-, or 1000-mg/l concentrations.

Plants were sprayed once a week for 2 consecutive wk and then grown on

greenhouse benches for additional 4 wk prior to taking data.

Statistical Analysis. Whole seedlings fresh weight, leaf number per plant,

root number per plant, and shoot number per plant were recorded from 5 to 10

plants with the remaining plants employed in essential oil analysis. Experiments

were repeated at least twice. Data were analyzed by PC SAS using GLM or

ANOVA procedures, and means were separated by Fisher’s protected LSD at a

0.05 rejection level.

Essential Oil Analysis. Spearmint plants were randomly selected from each

treatment. The top (4 cm from the apical tip) of each individual plant was

excised to represent a replicate, and three to five replicates were mixed together

per treatment. One gram of fresh plant tissue per treatment was incubated with

15 ml CH2Cl2 for 72 hr, allowing carvone levels to come to equilibrium in the

solvent. Investigative studies have shown that this method is superior to

multiple solvent extractions and subsequent roto-evaporation that result in

losses of the volatile carvone (unpublished data). After filtering, samples were

analyzed on an HP 5890 gas chromatograph (GC) equipped with a flame

ionization detector (FID). GCYmass spectrometry was performed using an HP

6890 Series II gas chromatograph attached to an HP 5972A mass select

detector. Columns used were fused silica HP-5MS capillaries (0.25-mm film

thickness, 30 ml � 0.25 mm ID). The major compound found in the extracts,

(j)-carvone, hereafter referred to simply as carvone, was identified by

comparison with mass spectra of a library database, and concentration was

calculated from a standard carvone curve. Carvone was measured at mg/g fresh

weight.

RESULTS

Rhizosphere Stimulation. Spearmint cv. B294099^ drenched with Tween-

80, 0.5% DMSO, or 1.0% DMSO treatments did not show any significant

differences for fresh weights, leaf numbers, root numbers, shoot numbers,

or carvone levels compared with water-drenched controls. However,

spearmint plants drenched with T. reesei spores showed higher fresh weights

and carvone levels compared with controls, whereas the leaves, shoots, and

roots were unchanged compared with controls (Figure 2). Spearmint plants

drenched with Aspergillus sp. spores showed higher root numbers than control

plants, although the other growth and morphogenesis responses were unchanged

(Figure 2).
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Phylosphere Stimulation. Plants sprayed with Tween-80, PDB, or DMSO

did not exhibit any difference in growth or morphogenesis responses compared

with untreated controls (Figures 3Y6). Both spearmint cvs. sprayed with either

Aspergillus sp. or T. reesei fungal materials had increased fresh weights, leaf

numbers, root numbers, and shoot numbers compared with nontreated controls

(Figures 3Y6). For example, spearmint cv. B557808^ plants sprayed with T.

reesei NRRL 11460 C30 FDM or MS increased fresh weights (75 and 121%,

respectively), shoot numbers (39 and 70%, respectively), leaf numbers (57 and

103%, respectively), and root numbers (108 and 108%, respectively) compared

FIG. 2. Influence of various drench treatments on spearmint cv.

B 298099

^
carvone levels.

T1= Control; T2= Tween-80; T3 =

Aspergillus

sp. NRRL 32534; T4=

T. reesei

NRRL

11460 C30; T5 = 0.5% DMSO; andT6 = 3.0% DMSO. Columns having the same letters

do not differ significantly (

P
>0.05) in LSDtest.
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with nontreated controls (Figure 2). In addition, fresh weights were also higher

in plants sprayed with SS (87%) compared with controls (Figure 3).

Nevertheless, regardless of the fungal material employed, no significant dif-

ferences were observed among treatments for carvone levels compared with

untreated controls (P > 0.05, data not shown).

Spearmint cv. B294099^ plants sprayed with T. reesei NRRL 32534 CF,

FDM, MS, or SS increased fresh weights (36, 53, 47, and 69%, respectively),

leaf numbers (84, 91, 56, and 117%, respectively), root numbers (29, 69, 100,

and 147%, respectively), and shoots (95, 129, 33, and 67%, respectively)

compared with nontreated controls (Figure 4).

Spraying spearmint cv. B557807^ plants with Aspergillus sp. NRRL 32534

CF, FDM, MS, or SS increased in fresh weights (88, 81, 108, and 85%,

respectively) over nontreated controls (Figure 5). Significant increases in leaf

numbers were observed in plants sprayed with FDM, MS, and SS (59, 129, and

69%, respectively) over those of nontreated controls. Significant increases in

root numbers in plants sprayed with MS or SS were observed (69 and 69%,

respectively) over those of nontreated controls. Plants sprayed with Aspergillus

FIG. 3. Influence of T. reesei NRRL 11460 C30 foliar sprays on the growth and

morphogenesis of spearmint cv. B557807.^ T1 = Control; T2 = Tween-80; T3 = potato

dextrose broth; T4 = culture filtrate; T5 = freeze-dried mycelium; T6 = mycelium

suspension; and T7 = spore suspension. Columns having the same letters do not differ

significantly (P > 0.05) in LSD test.
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sp. MS also showed significant increases in shoot number (73%) over controls

(Figure 5). Spearmint cv. 294099 plants sprayed with Aspergillus sp. CF, FDM,

MS, or SS caused higher fresh weights (68, 86, 78, and 56%, respectively),

leaves (100, 90, 145, and 131%, respectively), roots (139, 55, 98, and 145%,

respectively), and shoots (71, 71, 124, and 90%, respectively) compared with

those of nontreated controls (Figure 6).

Dosage Response Effect of FDM. Plants sprayed with 10, 100, or 1000 mg/

l FDM from isolates of T. reesei NRRL 11460 C30 or NRRL 3652 exhibited

significant increases in all fresh weights (>41%) and shoot numbers (>54%)

(Table 1). Similarly, for all concentrations tested, higher but not always sig-

nificant increases occurred for root numbers and leaf numbers compared with

untreated control plants. No change in carvone levels were observed in any

plants treated with any isolate concentration tested (Table 1). Both isolates of

Aspergillus sp. NRRL 32534 or NRRL 363 administered at 10, 100, and 1000

mg/l caused spearmint plants to exhibit higher (but not always significantly

higher) fresh weights, root numbers, shoot numbers, and leaf numbers compared

with untreated controls (Table 2). Only spearmint plants treated with Asper-

FIG. 4. Influence of T. reesei NRRL 11460 C30 foliar sprays on the growth and

morphogenesis of spearmint cv. B294099.^ T1 = Control; T2 = Tween-80; T3 = potato

dextrose broth; T4 = culture filtrate; T5 = freeze-dried mycelium; T6 = mycelium

suspension; and T7 = spore suspension. Columns having the same letters do not differ

significantly (P > 0.05) in LSD test.
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gillus sp. NRRL 32534 at 100 and 1000 mg/l gave significantly higher fresh

weights, leaf numbers, shoot numbers, and root numbers compared with

untreated plants. Carvone levels were similar for all plants treated with

Aspergillus sp. isolates compared with untreated controls. All Penicillium sp.

isolates NRRL 32532, NRRL 32533, and P. acculeatum NRRL 2129 increased

fresh weights, shoot numbers, leaf numbers (except 10 mg/l NRRL 32532),

and root numbers compared with untreated controls (Table 3). Overall, Peni-

cillium sp. isolates were less effective for the induction of significant increases

in growth and morphogenesis responses compared with other fungal species

isolates tested. Nevertheless, higher and sometimes significant increases in

growth and morphogenesis occurred in plants sprayed with the 100-mg/

l concentrations (except for fresh weights and root numbers with isolate NRRL

32532) compared with that occurring in plants sprayed with the 10-mg/

l concentration regardless of the Penicillium sp. isolates tested. Generally,

carvone levels were similar for all isolates, and concentrations tested, except

100 mg/l NRRL 32533, caused a significant increase in carvone production to

occur from treated spearmint plants.

FIG.5. Influence ofAspergillussp. NRRL 32534 foliar sprays on the growth andmorphogenesis of spearmint cv.B557807.^T1 = Control; T2 = Tween-80; T3 = potatodextrose broth; T4 = culture filtrate; T5 = freeze-dried mycelium; T6 = myceliumsuspension; and T7 = spore suspension. Columns having the same letters do not differsignificantly (P> 0.05) in LSD test.1587INFLUENCE OF FUNGAL MATERIALS ON SPEARMINT(Mentha spicataL.)



DISCUSSION

In this study, we have identified isolates of dead fungi that enhance

spearmint growth, morphogenesis, and secondary metabolism. Aside from the

enhanced leaf production noted by Elad (2000), the application of dead fungal

cells to plants to enhance growth has not been reported in the literature.

Drenching soil with fungal spores was found to be a less effective method of

promoting growth and morphogenesis responses on spearmint plants than foliar

sprays. For some fungal species (i.e., F. graminearum, F. sporotrichoides, and

R. oryzae), foliar sprays failed to elicit any response whatsoever in terms of

growth, morphogenesis, or secondary metabolism in spearmint, whereas other

fungal species foliar sprays such as from Aspergillus sp. and T. reesei elicited

strong growth and morphogenesis responses. Clearly, the species and isolate

type appear important in obtaining growth and morphogenesis responses. The

method of application (foliar spray vs. drench) and type of fungal material (CF,

FDM, MS, or SS) employed are critical to obtaining increased growth and

morphogenesis responses. We also found that growth and morphogenesis were

FIG. 6. Influence of Aspergillus sp. NRRL 32534 foliar sprays on the growth and

morphogenesis of spearmint cv. B294099.^ T1 = Control; T2 = Tween-80; T3 = potato

dextrose broth; T4 = culture filtrate; T5 = freeze-dried mycelium; T6 = mycelium

suspension; and T7 = spore suspension. Columns having the same letters do not differ

significantly (P > 0.05) in LSD test.
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enhanced more by FDM, MS, or SS than by using CF. We usually did not

observe any differences between employing FDM, MS, or SS on the growth and

morphogenesis responses obtained (Figures 3Y6). CF activity was inconsistent

and may or may not enhance growth and morphogenesis in spearmint depending

on the isolate employed. Both clones of spearmint reacted similarly in the

presence of fungal isolates, types, and concentrations. Our results confirm those

by Elad (2000) in which leaf number in cucumber was enhanced by the

application of dead T. harzianum T39 cells. In addition, we noted strong

positive correlations between fresh weight, shoot number, leaf number, and root

number responses when growth or morphogenesis is stimulated in the presence

of dead fungal materials.

We did not promote any significant increases in absolute mint carvone

levels by using any of the fungal foliar spray studies. Apparently, enhanced

growth and morphogenesis is not associated with enhanced secondary me-

tabolism. However, inert dead fungal material applications did not reduce

TABLE 1. EFFECT OF FOLIAR SPRAYS OF T. reesei NRRL 11460 C30 OR NRRL 3652 ON

THE GROWTH, MORPHOGENESIS AND SECONDARY METABOLISM OF SPEARMINT CV.

B557807^

Treatmentsa

Percentage increase over control/mean T standard error

Root

number

Shoot

number

Leaf

number

Fresh

weight (g)

Carvone

(mg/g fwt)

T1 0 0 0 0 0

1650.0 T 125.83 6.5 T 0.65 112.25 T 8.17 9.66 T 0.92 2.34 T 0.12

T2 37.88 12.0 3.79 9.97 j16.7

2275.0 T 103.1 7.25 T 0.75 116.5 T 6.6 10.62 T 0.91 1.95 T 0.08

T3 42.42 88.46 29.18 54.17 j11.5

2350.0 T 236.29 12.25 T 1.49 145.0 T 11.1 14.89 T 0.88 2.07 T 0.1

T4 30.3 88.46 37.42 58.28 18.5

2150.0 T 95.74 12.25 T 0.85 154.25 T 8.37 15.29 T 0.62 2.77 T 0.14

T5 45.45 53.85 16.04 50.56 j7.3

2400.0 T 158.1 10.0 T 1.41 130.25 T 10.28 14.54 T 1.07 2.17 T 0.09

T6 62.12 119.24 68.82 58.07 j2.1

2675.0 T 137.69 14.25 T 0.75 189.5 T 14.97 15.27 T 1.76 2.29 T 0.27

T7 36.36 80.77 38.08 41.19 0.9

2250.0 T 221.74 11.75 T 1.38 155.0 T 17.87 13.64 T 0.57 2.36 T 0.15

T8 54.54 57.69 24.28 45.14 j8.5

2550.0 T 275.38 10.25 T 0.75 139.5 T 11.29 14.02 T 0.8 2.14 T 0.26

LSDb 526.61 3.1 33.92 2.93 0.5

aT1 = Control; T2 = Tween-80; T3 = 10 mg/l NRRL 11460 C30; T4 = 100 mg/l NRRL 11460 C30;
T5 = 1000 mg/l NRRL 11460 C30; T6 = 10 mg/l NRRL 3652; T7 = 100 mg/l NRRL 3652; T8 =
1000 mg/l NRRL 3652.

bMeans were separated by Fisher’s protected LSD test (P > 0.05).
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carvone levels compared with untreated control plants. Secondary metabolites

have been found to increase in plants in response to microorganism infection

and stress (Bell, 1981; Cheniclet et al., 1988; Dalkin et al., 1990; Dixon and

Lamb, 1990). For example, terpene content increased when maritime pine

(Pinus pinaster) was attacked by Tomicus piniperda beetle (Cheniclet et al.,

1988). Inclusion of dead microorganisms into nutrient medium is commonly

employed to enhance secondary metabolite production in plant cell suspension

cultures (Heinstein, 1985; Eilert and Contabel, 1986; Eilert et al., 1986; Dalkin

et al., 1990; Mahady and Beecher, 1994). For example, Mahady and Beecher

(1994) reported that addition of Penicillium expansum to a culture of

Sanguinaria canadensis induced the production of benzophenanthridine

alkaloids such as sanguinarine and chelerythrine in a dose-dependent manner.

Similarly, the addition of fungal elicitors to cultures of Papaver somniferum

stimulated sanguinarine production (Eilert et al., 1986). It is interesting that

these fungal additions were administered typically at the end of the cell

TABLE 2. EFFECT OF FOLIAR SPRAY OF Aspergillus sp. NRRL 32534 OR NRRL 363 ON

GROWTH, MORPHOGENESIS AND SECONDARY METABOLISM OF SPEARMINT CV. B557807^

Treatmentsa

Percentage increase over control/mean T standard error

Root

number

Shoot

number

Leaf

number

Fresh

weight (g)

Carvone

(mg/g fwt)

T1 0 0 0 0 0

1650.0 T 125.83 6.5 T 0.65 112.25 T 8.17 9.66 T 0.92 2.34 T 0.12

T2 37.88 11.54 3.78 9.97 j16.7

2275.0 T 103.1 7.25 T 0.75 116.5 T 6.6 10.62 T 0.91 1.95 T 0.08

T3 60.6 76.92 4.09 16.63 j22.2

2650.0 T 347.61 11.5 T 3.33 157.25 T 32.25 11.27 T 0.52 1.82 T 0.19

T4 57.58 115.38 71.05 34.42 j15.0

2600.0 T 70.71 14.0 T 1.47 192.0 T 23.71 12.98 T 1.59 1.99 T 0.14

T5 59.09 130.77 58.13 50.68 j9.0

2625.0 T 278.01 15.0 T 2.04 177.5 T 25.17 14.55 T 2.1 2.13 T 0.15

T6 16.67 69.23 38.31 29.4 12.4

1925.0 T 188.75 11.0 T 0.71 155.25 T 8.4 12.5 T 0.68 2.63 T 0.18

T7 56.06 57.69 42.98 44.97 j6.0

2575.0 T 356.78 10.25 T 0.85 160.5 T 21.88 14.0 T 1.45 2.2 T 0.24

T8 24.24 80.77 33.63 23.03 5.6

2050.0 T 95.74 11.75 T 0.95 150.0 T 6.68 11.88 T 0.9 2.47 T 0.07

LSDb 654.02 4.67 55.96 3.61 0.47

aT1 = Control; T2 = Tween-80; T3 = 10 mg/l NRRL 32534; T4 = 100 mg/l NRRL 32534; T5 = 1000
mg/l NRRL 32534; T6 = 10 mg/l NRRL 363; T7 = 100 mg/l NRRL 363; T8 = 1000 mg/l NRRL
363.

bMeans were separated by Fisher’s protected LSD test (P > 0.05).
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suspension growth cycle. It is not reported if the fungal additives stimulated or

depressed cell suspension growth.

Under favorable environmental conditions, plants prioritize their resources

towards growth and differentiation over secondary metabolism (Bazzaz et al.,

1987; Chapin et al., 1990; Dickson and Isebrands, 1991). Plant growth

processes require high amounts of primary carbon resources that may come at

the cost of secondary metabolite production (Gulmon and Mooney, 1986;

Williams et al., 1987; Margna et al., 1989; Lambers and Rychter, 1990; Chapin,

1991). Generally, in our study, there was no significant change in carvone levels

in spearmint plants that showed significant increases in growth and morpho-

genesis over untreated controls. However, because of the increases in growth,

the total carvone levels per plant were significantly higher in fungal-treated

plants than untreated spearmint plants.

Dead fungal cell stimulation of plant growth and differentiation may be

either chemical or physical or both. If the phenomenon is physical, the plants

TABLE 3. EFFECT OF FOLIAR SPRAY OF Penicillium sp NRRL 3232 AND NRRL 32533

OR P. acculeatum NRRL 2129 ON GROWTH, MORPHOGENESIS AND SECONDARY

METABOLISM OF SPEARMINT CV. B557807^

Treatmentsa

Percentage increase over control/mean T standard error

Root

number

Shoot

number

Leaf

number

Fresh

weight (g)

Carvone

(mg/g fwt)

T1 0 0 0 0 0

1650.0 T 125.83 6.5 T 0.65 112.25 T 8.17 9.66 T 0.92 2.34 T 0.12

T2 37.88 11.54 3.79 9.97 j16.7

2275.0 T 103.1 7.25 T 0.75 116.5 T 6.6 10.62 T 0.91 1.95 T 0.08

T3 54.55 30.77 0 46.12 3.0

2550.0 T 165.83 8.5 T 1.26 111.0 T 5.12 14.11 T 1.02 2.41 T 0.24

T4 31.82 73.08 24.94 44.42 j28.2

2175.0 T 118.15 11.25 T 2.36 140.25 T 20.95 13.95 T 1.24 1.68 T 0.16

T5 18.18 26.92 7.35 15.63 25.6

1950.0 T 210.16 8.25 T 1.31 120.5 T 10.96 11.17 T 0.55 2.94 T 0.09

T6 21.21 103.85 41.87 34.39 7.3

2000.0 T 204.12 12.98 T 2.19 159.25 T 4.42 12.98 T 2.19 2.51 T 0.08

T7 18.18 26.92 21.38 18.49 j13.2

1950.0 T 50.0 8.25 T 0.75 136.25 T 6.56 11.44 T 0. 7 2.03 T 0.12

T8 66.67 69.23 28.51 21.38 j17.5

2550.0 T 275.38 11.0 T 1.08 144.25 T 5.14 11.72 T 0.78 1.93 T 0.08

LSDb 434.26 3.55 28.9 3.34 0.4

aT1 = Control; T2 = Tween-80; T3= 10 mg/l NRRL 32532; T4 = 100 mg/l NRRL 32532; T5 = 10
mg/l NRRL 32533; T6 = 100 mg/l NRRL 32533; T7 = 10 mg/l NRRL 2129; T8 = 100 mg/l NRRL
2129.

bMeans were separated by Fisher’s protected LSD test (P > 0.05).
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may perceive themselves under attack by fungal cells and in response initiate

rapid growth. If chemical, we speculate that dead fungal cells may emit a

stimulatory chemical substance that then encourages plant growth.

Currently, we are extending our studies into this phenomenon by

examining various fungal species and isolates with different plant species.

Thus far, the results confirm those presented in this paper. These studies may

lead to industrial products that can be used as growth stimulators for a variety of

nursery and greenhouse plants. For two of the fungi (T. reesei and Aspergillus

sp.) examined in this study, both are employed in the paper pulp processing

(Toyama et al., 2002) and enzyme production (Chen and Reese, 2002)

industries. Perhaps mycelium suspension, which is currently obtained as a

waste product, may have potential as a plant growth promoter.

AcknowledgmentsVThis study was partially funded by Biotechnology and Research

Development Company, Peoria, IL. The authors wish to thank R. K. Holloway for technical

assistance.

REFERENCES

ANDERSON, M. J., BROOKMAN, J. L., and DENNING, D. W. 2002. Aspergillus, pp. 1Y39, in R. A.

Prade and H. J. Bohnert (eds.). Genomics of Plants and Fungi. Marcel Dekker Inc., New York.

BAZZAZ, F. A., CHIARIELLO, N. R., COLEY, P. D., and PITELKA, L. F. 1987. Allocating resources to

reproduction and defense. BioScience 37:58Y67.

BELL, E. A. 1981. The physiological role(s) of secondary (natural) products, pp. 1Y19, in E. E. Conn

(ed.). Biochemistry of Plants. Academic, New York.

BRAKHAGE, A. A. and BERNHARD, J. 2002. Molecular mechanisms of pathogenicity of Aspergillus

fumigatus, pp. 559Y582, in H. D. Osceiwacz (ed.). Molecular Biology of Fungal Development.

Marcel Dekker Inc., New York.

CHANG, Y. C., CHANG, Y. C., and BAKER, R. 1986. Increased growth of plants in the presence of

biological control agent Trichoderma harzianum. Plant Dis. 70:145Y148.

CHAPIN, F. S. III. 1991. Integrated responses of plants to stress. BioScience 41:29Y36.

CHAPIN, F. S. III, SHULZE, E. D., and MOONEY, H. A. 1990. The ecology and economics of storage

in plants. Annu. Rev. Ecol. 21:423Y447.

CHEN, A. R. M. and REESE, P. B. 2002. Biotransformation of terpenes from Stemodia maritima by

Aspergillus sp. ATCC 9142. Phytochemistry 59:57Y62.

CHENICLET, C., BERNARD-DAGAN, C., and PAULY, G. 1988. Terpene biosynthesis under patho-

logical conditions, pp. 117Y130, in W. J. Mattson, J. Levieux, and C. Bernard-Dagan (eds.).

Mechanisms of Woody Plant Defenses Against Insects: Search for Pattern. Springer-Verlag,

Berlin Heidelberg, New York.

DALKIN, K., EDWARDS, R., EDINGTON, B., and DIXON, R. A. 1990. Stress responses in alfalfa

(Medicago sativa L.). I. Induction of phenylpropanoid biosynthesis and hydrolytic enzymes in

elicitor-treated cell suspension cultures. J. Plant Physiol. 92:440Y446.

DICKSON, R. E. and ISEBRANDS, J. G. 1991. Leaves as regulators of stress response, pp. 3Y34, in

H. A. Mooney, W. E. Winner, and E. J. Pell (eds.). Integrated Response of Plants to Multiple

Stresses. Academic, New York.

1592 KHAN ET AL.



DIXON, R. A. and LAMB, C. J. 1990. Molecular communication in interaction between plants and

microbial defense in plants. Adv. Genet. 28:165Y234.

EILERT, U. and CONTABEL, F. 1986. Elicitation of sanguinarine accumulation in Papaver

somniferum cells by fungal homogenatesVan induction process. J. Plant Physiol. 125:167Y172.

EILERT, U., CONSTABLE, F., and KURZ, W. G. W. 1986. Elicitor-stimulation of monoterpene indole

alkaloid formation in suspension cultures of Catharanthus roseus. J. Plant Physiol. 126:11Y22.

ELAD, Y. 2000. Biological control of foliar pathogens by means of Trichoderma harzianum and

potential modes of action. Crop Prot. 19:709Y714.

GULMON, S. L. and MOONEY, H. A. 1986. Costs of defense and their effects on plant productivity,

pp. 681Y698, in T. J. Givinish (ed.). On the Economy of Plant Form and Function. Cambridge

University Press, Cambridge.

HEINSTEIN, P. 1985. Future approaches to the formation of secondary natural products in plant cell

suspension cultures. J. Nat. Prod. 48:1Y9.

KUC, J. 1997. Molecular aspects of plant responses to pathogen. Acta Physiol. Plant. 19:551Y559.

LAMBERS, H. and RYCHTER, A. M. 1990. The biochemical background of variation in respiration rate:

Respiratory pathways andchemical composition, pp. 199Y225, in H. Lambers, M. L. Cambridge,

H. Konings, and T. L. Pons (eds.). Causes and Sequences of Variation in Growth Rate and

Productivity of Higher Plants. SPB Academic Publishing, The Hague.

LEUNG, A. Y. 1980. Encyclopedia of Common Natural Ingredients Used in Food, Drugs and

Cosmetics. John Wiley and Sons, New York.

MAHADY, G. B. and BEECHER, C. W. W. 1994. Elicitor-stimulated benzophenanthridine alkaloid

biosynthesis in bloodroot suspension culture is mediated by calcium. Phytochemistry

37:415Y419.
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